Cancer cells are exposed to various intrinsic and extrinsic factors that disrupt protein homeostasis, producing endoplasmic reticulum (ER) stress. To cope with these situations, cancer cells evoke a highly conserved adaptive mechanism called the unfolded protein response (UPR) to restore the ER homeostasis. Recently, several pharmacological agents have been found to exhibit anti-tumor activity by targeting the UPR components. The development of potent and specific compounds that target the UPR components has not only shed light on the regulation of the UPR in cancer cells, but also brought the field closer to clinical drug candidates. Here we present an overview of the milestones in the field of UPR biology in cancer with a focus on new strategies for pharmacological inhibition.
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folding, post translational modifications, intracellular/extracellular shuttling of proteins, and lipid biosynthesis [1] . The folding capacity of the ER is limited by tightly regulated expression of protein chaperones such as glucose related protein 78 (GRP78), GRP94 and calreticulin (CRT). The ER lumen has an oxidative environment which is crucial for formation of disulfide bonds via protein disulfide isomerase (PDI). Physiological or pathological insults which overwhelm the folding capacity of the ER activate an evolution- Following ER stress, GRP78 is released from PERK, thereby permitting PERK oligomerization and activation. PERK phosphorylates the initiation factor eukaryotic translation initiator factor 2␣ (eIF2␣) to attenuate global protein synthesis. Phosphorylation of eIF2␣ allows the translation of ATF4 mRNA, which encodes a transcription factor controlling the transcription of genes involved in autophagy, apoptosis, amino acid metabolism and antioxidant responses. B. ER stress induces Inositol-requiring protein 1␣ (IRE1␣) dimerization and autotransphosphorylation, which triggers its RNase activity to processed the mRNA encoding unspliced X box-binding protein 1 (XBP1) to produce an active transcription factor, spliced XBP1. XBP1controls the transcription of genes encoding proteins involved in protein folding, ER-associated-degradation (ERAD), protein quality control and phospholipids synthesis. During the adaptive response, IRE1␣ conducts IRE1-dependent decay (RIDD) on mRNAs encoding ER-translocating proteins to prevent further increases in protein-folding demand in the ER. IRE1␣ also induces cell death pathways including those driven by JUN N-terminal kinase (JNK) and AP1/ASK1, through binding to adaptor proteins. C. Activating transcription factor 6 (ATF6) exists as a dimer in association with GRP78 under physiological conditions. In response to ER stress, when GRP78 dissociates from ATF6, ATF6 translocates from the ER to the Golgi. Thereafter cleaved ATF6 translocates to the nucleus and binds to ER stress response element, resulting in induction of the UPR target genes.
ary conserved cascade of signaling events known as the ER stress response, or unfolded protein response (UPR) [2] . The UPR is mediated by three molecular sensors present on the membrane of endoplasmic reticulum; PKR-like ER kinase (PERK), activated transcription factor 6 (ATF6) and inositol-requiring enzyme 1 alpha (IRE1␣) [1, 3] (Fig. 1 ). The UPR can exert both protective and deleterious effects on cell survival in cancer cells. Here we review what is known about the nature of the stimulus and duration of stress that tips the balance in UPR-dependent cell fate, agents that can target the UPR, and the connection of the UPR to other cell survival and death pathways.
Dual roles for the unfolded protein response in cancer progression
The UPR is often upregulated in cancer, suggesting that this response is important for cell survival and should be considered a therapeutic target. Although activation of the UPR has been reported in a variety of human cancers, the role of the UPR in different forms of cancer is not well characterized [2, [4] [5] [6] [7] . The UPR may serve a pro-tumorigenic role by increasing the protein folding capacity, and prolonging resistance to anticancer drugs [5] . However, when ER stress is too severe or prolonged, a persistent UPR can engage and activate cell death pathways including mitochondrial apoptosis. A mounting number of studies have revealed the dual role of the UPR in cancer, but without a clear understanding of molecular determinants of the switch between pro-survival and pro-death effects. Furthermore, the components of the ER stress pathway may play multiple roles and therefore, the effects of targeting ER stress and the UPR arms may be difficult to predict and difficult to control. Constitutive activation of the cytoprotective UPR signaling can promote tumorigenesis and resistance to various stresses, such as oxidative and therapeutic stress [8] . Provided that the UPR can trigger pro-survival and pro-apoptotic signals, it is imperative to comprehend how modulation of the UPR alters the equilibrium between these processes and contributes to tumorigenesis, and therapy resistance in different cancer cell types. In this section, we will discuss the role of different UPR components in cancer progression.
Dual roles of PERK in cancer pose a challenge to drug development
PERK is a serine/threonine transmembrane ER kinase. Under homeostatic conditions, PERK exists as an inactive monomer associated with GRP78. Following ER stress, GRP78 disassociates from PERK in order to serve its protein chaperone function within the ER, thereby permitting PERK oligomerization and activation. The cytoplasmic domain of PERK is thereby activated resulting in signaling cascade that ends with nuclear transcription. The bestcharacterized PERK substrates are the eukaryotic initiation factor 2 (eIF2␣) and the nuclear factor erythroid 2 relate factor 2 (Nrf2) [9] . PERK-dependent phosphorylation of eIF2␣ is the best characterized consequence of PERK activation. Phosphorylation of eIF2␣ increases the affinity of eIF2␣ for the eIF2␤ guanine nucleotide exchange factor, thereby reducing global translation initiation of mRNA. However, activated eIF2␣ also increases the translational efficiency of some specific genes of the UPR such as activating transcription factor 4 (ATF4). Sustained activation of PERK-eIF2␣-ATF4 pathway (but not with other branches of UPR) has also been implicated in the epithelial-mesenchymal transition (EMT), a process that contributes to tumor progression and metastasis [10] . PERK deletion has been shown to reduce the Neu-dependent mammary tumor development and reduces lung metastasis, however long term PERK inactivation increases susceptibility to mammary tumorigenesis owing to increased genomic instability [11] . PERK signaling plays a role in promoting tumor cell survival in response to reactive oxygen species (ROS) and hypoxia. PERK-dependent phosphorylation of Nrf2 promotes Nrf2 dissociation from Kelchlike ECH-associated protein 1 (Keap1), and nuclear translocation [12] . Nrf2 is a master regulator of antioxidant enzymes that are associated with chemoresistance. The PERK-eIF2␣-ATF4 signaling axis has been demonstrated to be critical for the adaptation of tumor cells to hypoxia [13, 14] . Dominant negative PERK or eIF2␣ ser51A impairs the tumor growth, and induces apoptosis in hypoxic regions of tumor [15] . Transformed MEFs derived from PERK-knockout mice undergo apoptosis when exposed to hypoxia. K-Ras-transformed PERK −/− xenografts demonstrated significant growth impairment compared to K-Ras-transformed PERK wild type tumors [16] . The master oncogenic transcription factor Myc can activate the PERK-ATF4 arm of the UPR in both a mouse model and human lymphoma cells, suggesting that the UPR may play an important role in Myc driven cell survival and tumor progression [17] .
In contrast to the pro-survival roles of PERK signaling described above, during chronic ER stress, constitutive PERK-mediated phosphorylation of eIF2␣ can also lead to apoptosis [18] [19] [20] . ATF4 drives expression of the pro-apoptotic protein, C/EBP homologous protein (CHOP) during prolonged stress, thereby triggering cell death [20, 21] . In addition, loss of PERK may increase resistance to cell death in pathological conditions linked to reactive oxygen species (ROS)-mediated ER stress [22] . PERK-mediated translational arrest via eIF2␣ phosphorylation causes down-regulation of cyclin D1, resulting in subsequent cell cycle arrest [23] . Therefore, PERK activation provides both pro-apoptotic and anti-apoptotic response depending on the severity of stress, genetic makeup and the type of cancer cell. Altogether, PERK activation seems to play a dual role in tumor promotion and suppression. Further research is needed to investigate which PERK-mediated signaling pathways affect tumor progression. Therefore, these pathways could potentially serve as candidates for development of targeted cancer therapies.
The dual roles of IRE1 in cancer could potentially be harnessed therapeutically
IRE1 is a type-I single pass transmembrane protein that undergoes oligomerization and trans-autophosphorylation during the ER stress response [24] . The mammalian genome encodes two isoforms of IRE1; IRE1␣ and IRE1␤. While IRE1␣ is expressed ubiquitously, the expression of IRE1␤ is restricted [25] . The transcription factor XBP1 is the major RNA substrate of IRE1 [8] . IRE1␣ performs splicing of the XBP1 mRNA, creating an active form of XBP1 (spliced XBP1). This activated form of XBP1 induces the expression of ER quality-control genes, thus enhancing the protein folding capacity of ER. Spliced XBP1 modulates expression of genes involved in protein folding, secretion, and endoplasmic reticulumassociated degradation (ERAD), a process by which ER localized proteins are exported to the proteasome for degradation in regulated fashion. Hypoxia has also been shown to activate IRE1␣ as a survival signaling axis in cancer cells. Inhibition of IRE1 in XBP1-knockout mice produced increased apoptosis and impaired tumor growth in response to hypoxia. The IRE1/XBP1 branch of the UPR may also be important in providing resistance against chemotherapy [26] . Recently, NCOA3 (Nuclear receptor coactivator 3) has been shown important transcriptional target of spliced XBP1 in estrogen receptor positive breast cancer [27] . Spliced XBP1 has been shown to regulate angiogenesis independent of vascular endothelial growth factor (VEGF) in pancreatic adenocarcinoma [28] . Overexpression of spliced XBP1 plays important role in driving plasma cells towards a premalignant state [29] . Interestingly, XBP1 deficiency inhibits tumor growth as well as blood vessel formation, and expression of spliced XBP1 restores angiogenesis in transgenic mice expressing a dominant negative form of IRE1 [29] .
If attempts to reshape ER homeostasis fail, IRE1␣ curtails XBP-1 splicing, and activates apoptosis through IRE1 dependent decay of mRNA (RIDD) [30] . During the transition from the IRE1-dependent adaptive response to the initiation of the apoptotic cascade, RIDD is thought to increases ER stress intensity through degradation of selective UPR target genes including the ER protein chaperone GRP78 [31, 32] . Interestingly, many mRNAs that are degraded via RIDD encode proteins that have a crucial role in the negative regulation of apoptosis, cell growth, proliferation, and differentiation [33] . Interestingly, RIDD substrates encode proteins of a diverse nature that modulate physiological processes that are distinct from ER homeostasis control. Of these various roles include production of inflammatory double-stranded RNA species through activation of an intracellular nucleic acid sensor [33] . Therefore, prolonged ER stress is the tipping point that initiates IRE␣ to act as a molecular switch that induces cell death instead of the adaptive response. Further research is needed to understand the molecular determinants which regulate the switch between pro-and anti-survival roles of IRE1.
ATF6: the least well understood arm of the UPR
ATF6 is a type-II transmembrane protein with an N-terminal cytoplasmic domain containing a DNA binding motif and a Cterminal ER luminal domain that binds GRP78. ATF6 regulates the expression of endoplasmic-reticulum-associated protein degradation (ERAD) pathway genes. In mammals, there are two homologs of ATF6: ATF6␣ (90 kDa) and ATF6␤ (110 kDa) [34] . Both ATF6␣ and ATF6␤ are constitutively synthesized in the ER and activated by regulated intramembrane proteolysis during the ER stress response [35] . In response to ER stress, ATF6 translocates from the ER to the Golgi, where it is processed by site-1 protease (S1P) and site-2 protease (S2P) to generate an N-terminal cytosolic domain, p50ATF6 [36] . When the ER-membrane-bound precursor forms of ATF6␣ and ATF6␤ are cleaved during ER stress, their N-terminal halves become soluble transcription factors. These activated transcription factors then regulate the expression of UPR target genes via direct binding to the ER stress response element in gene promoters, in collaboration with the transcription factor nuclear factor-Y ('NF-Y') [37] . Mounting evidence suggests that both ATF6␣ and ATF6␤ are crucial transcriptional regulators of the mammalian UPR. Overexpression of the active nuclear forms of ATF6␣ and ATF6␤ is sufficient for transcriptional upregulation of GRP78, CHOP and XBP1. ATF6␣ is essential for the adaptation of dormant cells to chemotherapy and nutrient stress. ATF6␣ provides a cell survival response through the up-regulation of Rheb and Akt-independent activation of mTOR [34] . Down-regulation of ATF6␣ or Rheb increases the sensitivity of dormant tumor cells towards rapamycin thereby increasing antitumor activity of rapamycin. The role of ATF6 and the repertoire of ATF6 target genes have not been fully characterized, therefore, ATF6-mediated signaling remains the least understood of the three arms of the UPR. Development of specific chemical inhibitors of S1P, S2P or ATF6 itself will help to decipher the function of ATF6 in tumor cells under various stress conditions.
GRP78: a surprising target for therapeutics
GRP78 belongs to the heat shock protein 70 (HSP70) family of chaperones and resides primarily in the ER. GRP78 prevents aggregation and targeting of misfolded proteins for proteasomal degradation. GRP78 also binds Ca 2+ and serves as an ER stress signaling regulator as described above [4, 38] . Recent evidence indicates many additional non-canonical roles for GRP78. In prostate cancer cells, a cell surface form of GRP78 promotes tumor cell survival through modulation of the MAPK and PI3K/Akt-pathways [39] . Targeting the carboxyl-terminal domain of cell surface GRP78 with a monoclonal antibody suppresses transcriptional activation of c-MYC-induced genes and impairs cell survival in glioma cell lines [40] . ER stress has been shown to induce an alternatively spliced form of GRP78 that results in a cytosolic isoform that can also induce PERK signaling to increase the leukemic cell survival [41] . GRP78 localization to the mitochondria has also been shown to increase during ER stress. Mitochondrial GRP78 maintains mitochondrial membrane integrity, thereby protecting against ER stress-induced apoptosis [42] . Conversely, in response to TRAIL-mediated ER stress, GRP78 binds with Prostate apoptosis response-4 (Par4), translocates to the cell surface and leads to the activation of extrinsic apoptotic pathway [43] . Additionally, cell surface GRP78 may also serve as a receptor for the angiogenesis inhibitor Kringle 5 (K5) and may act as a pro-apoptotic factor in stressed tumor cells [44] . GRP78 and Bcl2 have been shown to form a complex which binds with separate domain of BIK, a pro-apoptotic protein. Sequestration of Bcl2 by BIK, reduces the localization of Bcl2 on ER and thereby leading to ER Ca 2+ (release)-mediated mitochondrial apoptosis [45] . These previously unrecognized roles for GRP78 offer new chances to therapeutically modulate the UPR.
The potential clinical relevance of the UPR in cancer
It has become increasingly evident that upregulation of UPR signaling components can be detected in clinical samples. XBP1 overexpression has been demonstrated in various human cancers including breast cancer and hepatocellular carcinoma [26] . Furthermore, increased expression of NCOA3 was associated with poor prognosis, and higher levels of XBP1 in breast cancer tissues. High expression of spliced XBP1 protein correlates with poor prognosis in glioblastoma, triple negative breast cancer, and pre-B acute lymphoblastic leukemia [46] . ATF6 expression has been shown to be positively associated with enhanced survival of differentiated thyroid cancer [47, 48] . In accordance with previous work, a multi-cancer study showed higher ATF6 expression in metastatic lesions as compared to primary lesions [49] . Colon cancer patients with increased expression of ATF6 in their primary tumors showed a higher propensity of the relapse [50] . In squamous cell head and neck cancer, primary tumors which expressed higher ATF6 mRNA levels were more likely to be lymph node positive [48] . The increased expression of GRP78 protein has been observed in melanoma, breast, colon and adenocarcinoma cancer cell lines, as well as in ex vivo human primary and animal model tissues. Several lines of evidence indicate that GRP78 expression is associated with poor prognosis and resistance to chemotherapeutics [51] . GRP78 has been observed to be elevated in hepatocellular carcinoma, prostate, glioma, oral cancer, breast and gastric cancers. In many cancers, high GRP78 levels have been found to correlate with higher pathological grade and aggressive phenotype [52] [53] [54] . Furthermore, autoantibodies against GRP78 have been observed in sera of prostate cancer patients and showed positive correlation with the aggressiveness of the disease [55] . In solid tumors, GRP78 expression was associated with poor survival [56] . In contrast, Fig. 2 . UPR can be exploited into two approaches for the purposes of cancer drug development. Targeting the unfolded protein response as an anticancer strategy attempts to divert cells from the survival pathway to the death pathway. [1] One approach is to inhibit components of the unfolded protein response so tumor cells can no longer deal with the stressful environment thereby leading to cell death. [2] Second approach is to increase the stress on the tumor cells, so the already activated unfolded protein response is overloaded and is unable to resolve the stress, thereby driving the cells towards the death pathway. Both strategies theoretically increase signaling to the death pathway and reduce survival signaling.
increased expression of GRP78 in neuroblastoma patients correlated with longer survival [57] . Recently study analyzed the level of GRP78 expression that is associated with esophageal adenocarcinomas tumor growth. Results show that GRP78 was significantly up-regulated in early stages of cancer development but decreased in advanced stages of tumor growth [58] . Notably, esophageal adenocarcinomas patients with higher GRP78 levels showed a survival advantage [58] . These seemingly contradictory findings in human clinical samples demonstrate the need for further research into the precise mechanistic role of GRP78 in different contexts of tumorigenesis. Altogether, the above studies reflect the emerging evidence that variable expression of the components of the UPR may have important roles in human cancer. These observations can be paired with emerging preclinical studies indicate that UPR is intricately linked to transformation [16] , genomic instability [59] , tumorigenesis [60] , metastasis [61] , dormancy and resistance to anti-cancer therapy [62] . Further studies are needed in both spheres to determine the context dependent roles of the UPR in such a manner that measurements of UPR components can one day serve as biomarkers for UPR targeted therapy.
The UPR presents multiple potential drug targets
The UPR could be exploited as a means of anticancer therapeutic strategy via two alternative approaches (Fig. 2) . The first approach is to block the UPR that has been activated as a cell survival response due to ER stress. Certain tumors such as myeloma and pancreatic cancer are believed to be reliant on the UPR, so impeding this process would sensitize these cells towards apoptosis [63] . Furthermore, in certain tumors such as melanoma, the most effective strategy for exploiting ER stress would most likely involve the combination of agents that inhibit cytoprotective function of UPR arms along with those that actively induce ER stress/response [64] . The second approach is to pharmacologically increase ER stress above a certain threshold in cells that already have a high dependency [82, 83] MAb159, PAT-SM6 GRP78 inhibitors [88, 115] on the UPR, thereby triggering cell death [65] . For instance, Cerezo et al. reported the development of the small molecule HA15 belonging to the thiazole benzensulfonamides. HA15 displayed antitumor activity on melanoma cells in vitro and in vivo. Interaction of HA15 with GRP78 leads to dissociation of GRP78 from the ER transmembrane UPR effectors thus activating the UPR with phosphorylation of PERK, eIF2␣ and ATF4 and CHOP expression. Interestingly, the authors showed that autophagy and apoptosis act simultaneously in HA15-induced cell death [66] . In addition there is interest in pursuing both approaches simultaneously, i.e. pharmacologically increasing ER stress while simultaneously inhibiting the UPR. In the next section we will discuss UPR-suppressing and UPR-inducing agents (Table 1 ).
PERK inhibitors
GSK2606414 is an ATP mimetic first generation PERK inhibitor [67] . A second generation inhibitor GSK2656157 was developed with improved pharmacological properties [68] . While PERK inhibitors remain an exciting anti-tumor strategy, there are likely dose limiting toxicities associated with pancreatic damage [69] . The combination of a PERK inhibitor and proteasome inhibitor has been shown effective for multiple myeloma cells [70] . It is thus interesting to speculate that the combined use of PERK and proteasome inhibitors may sensitize tumors, reducing the dose of the drug and decreasing the potential side effects. However, further studies are needed to investigate the side effects of PERK inhibition and how to limit them for the development of a new anticancer therapy.
IRE1␣ inhibitor
Numerous groups have identified small molecule inhibitors that selectively block IRE1␣-XBP1 pathway. IRE1␣ inhibitors inhibit IRE1␣ activity either by binding to the catalytic core of the RNase domain, or to the ATP-binding pocket of the kinase domain. Salicylaldimines and their hydrolytic products can inhibit the endoribonuclease activity of IRE1␣ [71] . Preventing XBP1 splicing, blocking transcriptional up-regulation of XBP1 targets and also inhibiting the degradation of mRNAs targeted by IRE1. Moreover, the salicylaldehyde analog 3-methoxy-6-bromosalicylaldehyde effectively inhibited the XBP1 splicing in an in vivo model of acute ER stress [71] . Similarly, 48C [72] , MKC-3946 [73] , STF-083010 [74] , and toyocamycin [75] have potential inhibitory effects against IRE1␣ RNase activity. N 9 - (3-(dimethylamino) propyl)-N 3 ,N 3 ,N 6 ,N 6 -tetramethylacridine-3,6,9-triamine (3,6-DMAD) inhibits both IRE1␣ oligomerization and its endoribonuclease activity. Inhibition of IRE1␣-mediated XBP1 splicing by 3, 6-DMAD was shown to be cytotoxic in multiple myeloma cell lines [76] . Another study showed that hydroxyaryl-aldehydes (HAA) selectively inhibit IRE1␣ RNase activity and thus may represent a novel class of anti-cancer agents [77] . MKC-3946, in combination with a proteosome inhibitor (bortezomib), enhanced ER stress by inhibiting XBP1 mRNA splicing [73] . STF-083010 exerts an inhibitory effect in multiple myeloma xenografts [78] . Irestatin, another inhibitor of IRE1␣, also impairs the growth of malignant myeloma cells [60] . Taken together, above studies indicate the clinical potential of IRE1␣ inhibitors; however, detailed mechanistic insights of these drugs are not explored yet. Though, there is a need for the development of more potent and specific compound to target IRE1␣ activity. Available compounds that target IRE1␣ activity have shown potential for anti-cancer treatment in combination with other conventional or existing chemotherapy. Therefore, the studies using small molecule inhibitors of IRE1␣ provide a fundamental background for understanding the cellular functions of this protein under stress, which may be also quite useful in designing the anti-cancer therapies using IRE1 inhibitors.
ERAD inhibitors
Molecular chaperones and lectin-like proteins are involved in the identification of misfolded proteins. These misfolded proteins are retained in the ER and subsequently degraded by the ERAD pathway. A defect in ERAD has been shown to cause accumulation of misfolded proteins in the ER and thus trigger the UPR. Eeyarestatin I (EerI) targets p97 (a cytosolic ATPase involved in polyubiquitinated protein transportation) inhibiting de-ubiquitination of p97-associated ERAD substrates [79] . EerI has been shown to have antitumor activity in malignant myeloma cells [80] . EerI treatment activates the transcription factors ATF3 and ATF4, which together activate NOXA expression. Interestingly, EerI blocks ubiquitination of histone H2A, thereby suppressing its inhibitory effect on NOXA transcription [81] . These studies suggested that this example of an ERAD inhibitor may represent a novel class of anticancer drugs that concurrently targets the UPR and epigenetic signalling to limit the cancer cell progression.
GRP78 inhibitors
The tea-based polyphenol epigallocatechin gallate (EGCG) was shown to bind and inhibit the ATP-binding domain of GRP78, sensitizing glioma cells to chemotherapy [82] . Versipelostatin inhibits GRP78 at transcriptional levels in combination with cisplatin in stomach cancer xenograft model [83] . GRP78 silenced malignant glioma cells have shown increased sensitivity to temozomolide [84] , etopside, and cisplatin [85] . [83] . Additionally, GRP78 inhibition by the GRP78 specific subtilase toxin and ER stress inducing agents, fenretinide or bortezomib, induced apoptosis in metastatic melanoma cells [86] . GRP78 has been shown to function as an intracellular target for melanoma differentiationassociated gene-7/interleukin-24 (mda-7/IL-24), an IL-10 family cytokine which localizes to the ER and induces cancer cell specific growth suppression [87] . Targeting GRP78 with a high affinity GRP78-specific mouse monoclonal IgG antibody (MAb159), was shown to enhance the apoptosis by degradation of cell surface GRP78 [88] . Mab159 has been documented to suppress tumor growth in various mouse models such as colon, lung, metastatic breast cancer, melanoma, prostate cancer and leukemia [88] . PAT-SM6, a human monoclonal IgM antibody, isolated from gastric cancer patients, was also shown to induce apoptosis by binding with cell surface GRP78 in human melanoma cells [89] . Moreover, auto-antibodies against GRP78 in ovarian cancer patients decrease the metastatic properties of ovarian cancer cells [43] . Altogether these studies suggest that strategies to inhibit GRP78 may represent promising therapeutic avenues for improving the sensitivity of apoptotic resistant cancer cells to various therapeutic drugs.
The extended reach of the UPR, and clinical translation
The UPR intricately interfaces with other stress response pathways including autophagy, and the integrated stress response. In addition, a new field of research focused on organelle membrane contact points is directly regulated by the UPR. The crosstalk between UPR and these stress pathways may finally determine the fates of cells under stress, and may offer indirect approaches to pharmacologically targeted the UPR, if the canonical targets of the UPR prove too difficult to drug. In this section, we will discuss the crosstalk of the UPR with autophagy, the membrane contact site regulatory network, and the integrated stress response.
UPR inhibitors and autophagy in cancer
The canonical branches of the UPR have been shown to regulate the autophagy in different ways during ER stress. Autophagy is a conserved pathway involving lysosomal degradation of long-lived proteins or damaged organelles such as mitochondria, ribosomes, peroxisome, and ER. Accumulating evidences show that the three arms of UPR differentially regulate the induction of autophagy [90] . Cyclosporine A induces UPR-associated autophagy via IRE1 and PERK activation in glioma cells. Inhibition autophagy by rapamycin (mTOR/p70S6K1 pathway inhibitor) increases cell death significantly in this context [91] . Resistance to BRAF inhibition in BRAF mutant melanoma was found to be mediated by UPR-induced autophagy. Surprisingly BRAF inhibitors can promote an unexpected binding of mutant BRAF to cytoplasmic GRP78, resulting in translocation of BRAF into the ER and enhanced ER stress. Subsequent activation of PERK leads to an upregulation of autophagy in melanoma [92] . Inhibition of PERK or autophagy sensitized melanoma cells to BRAF inhibitor-induced cell death whereas inhibition of autophagy augmented BRAF inhibitor antitumor activity in a xenograft model [92, 93] . ATF4 has been shown to be responsible for upregulation of autophagy genes such as ATG12 [94] and LC3 [95] . The link between IRE1␣ and upregulation of autophagy is mediated by activation of JNK [96] . There are various drugs currently in preclinical and clinical trials that target processes that have a direct impact on the UPR and autophagy. Academic and industry researchers are aggressively developing agents to specifically target autophagy including inhibitors that target ULK1/ULK2 [97] , ATG4 [98] , and vps34 [99] . However the only drug that has been used in clinical trials that targets autophagy is the lysosomal inhibitor hydroxychloroquine. Phase I clinical trials have been conducted that demonstrates the safety and preliminary activity of targeting autophagy to overcome therapeutic resistance [100] [101] [102] [103] [104] [105] . Collectively, these studies show that autophagy and UPR are tightly intertwined and together decides the fate of a cell under the stress. At this point it is unclear if in the context of therapy induced activation of UPR-associated autophagy, is targeting autophagy or upstream components of the UPR more effective at overcoming resistance to targeted therapy.
Role of ER-membrane contact sites in UPR and cancer
Contact sites between the ER and other organelles are now being extensively studied as a novel signaling hubs regulating cellular physiology [106] . The ER must coordinate each of its specialized functions with mitochondria, plasma membrane and endosomes. Upon loss of ER membrane contact site signaling, cells may become dependent on other cell signaling and stress response systems, such as the UPR, to maintain organelle homeostasis and integrity [107] . A growing number of reports suggest that these dynamic connections between ER and mitochondria are critical in fine tuning the UPR. PERK has been found to be uniquely enriched at the mitochondriaassociated ER membranes (MAMs). An expending number of proteins such as inositol 1,4-5 triphosphate receptor, voltage dependent anion channel 1, calnexin, dynamin-1-like protein1, Ero1, phosphatidylserine synthase and mitofusin 2, have been shown to be enriched at the ER-mitochondria contact sites [108] . PERK −/− cells display altered ER morphology, modified Ca2+ signaling, and weakened ER-mitochondria contact sites. Re-expression of a kinase-dead PERK mutant restores the ER-mitochondria contact sites which sensitize mitochondria to ROS-mediated stress [109] . In addition, the ER has been known to form membrane contact sites with the Golgi complex to enable vesicular trafficking. In this regard, the crosstalk of these ER-Golgi contacts points with the UPR components has not been fully explored. Future studies defining the UPR interactome and its dynamics under ER stress condition will allow us to gain further insights into the role of ER stress sensors in organelle contact sites and tumor progression.
Integrated stress response and UPR
The integrated stress response (ISR) is an alternative route to activation of the UPR. EIF2␣ can be phosphorylated independently of the canonical UPR arms by three additional kinases: general control nonderepressible 2 (GCN2), heme regulated inhibitory kinase (HRI), and protein kinase R (PKR) [110] . During the ISR, GCN2 phosphorylates eIF2␣ to conserve amino acid metabolism and induces ATF4 to promote recovery from nutrient deprivation. Loss of GCN2 causes a decrease in cancer cell survival during amino acid deprivation, and attenuated tumor growth in xenograft tumor models [111] . Altogether, the additional mechanism of eIF2␣ phosphorylation enables the cells to integrate multiple stress stimuli into one common node, that being general control of protein synthesis via eIF2␣. ONC201 (also called TIC10) is a novel small molecule anticancer agent that has been shown to elicit the ISR through the eIF2␣ kinases, resulting in activation of the eIF2␣-ATF4 pathway [112] . Recently, ONC201 has been shown to impair tumor growth by inhibiting survival-promoting kinases and inducing cell death through apoptosis [113] . ONC201 is currently being tested in early phase human clinical trials in solid malignancies [114] .
Conclusions
The UPR is an evolutionary conserved process which is linked to protein folding stress under physiological and pathological condition. The components of the UPR regulate numerous processes including lipid/cholesterol metabolism, energy homeostasis, inflammation, and cell differentiation. The UPR should not be viewed as three isolated signaling cascades, but a network that provides a strong crosstalk with autophagy, membrane contact sites, and the integrated stress response system. Altogether, three arms of UPR are a dynamic signaling framework integrated with crucial cellular process to maintain cellular homeostasis. Advances in the recent findings have made UPR a valid target for the development of new anticancer strategies. These strategies may offer future possibilities in personalized therapy and give hopes to the millions of patients suffering from cancer. However, more studies will be needed to investigate the oncogenic and tumor suppressive function of UPR in which the small molecule inhibitors of UPR components may play a vital role.
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